The classical treatments of the primary electroviscous effect show important discrepancies with respect to the experimental data. A possible better agreement may be found if the contribution of the ions adsorbed on the Stern layer, which can move tangentially near the particle surface, is taken into account. This contribution has been incorporated into the Watterson-White theory. A study of the influence of the Stern-layer parameters on the primary electroviscous coefficient has been made. C 2000 Academic Press
INTRODUCTION
The viscosity η of a colloidal suspension is greater than that of the suspending fluid η 0 . At low particle concentrations, this behavior is the consequence of an increase of energy dissipation during laminar shear flow due to the perturbation of the streamlines by the colloidal particles. Assuming that the particles were spherical, rigid, uncharged, and small when compared to the dimensions of the measuring apparatus and large when compared to the size of the solvent molecules, Einstein (1) calculated the dependence of the viscosity of a suspension on the volume fraction at low particle concentrations,
where φ is the volume-per-volume fraction. It is interesting to note that there is no effect of particle size. This is because the theory is formulated for dilute suspensions and neglects the effects of interactions between colloidal particles. When the particles are charged and the fluid is an electrolyte, an arrangement of charges in the interface appears that is referred to as the electrical double layer (edl). The flow fields in the vicinity of the particles are further modified due to the electrostatic body force exerted by the particle on the fluid within the edl. This distortion of the edl leads to increased dissipation of energy and a further increase in the viscosity. This effect was first considered by Smoluchowski (2) and is called the primary 1 To whom correspondence should be addressed. Fax: 34-952134367. E-mail: fjrubio@uma.es. electroviscous effect (3). We can write
where p, the primary electroviscous coefficient, is a function of the charge on the particle (or, more conventionally, the potential in the slipping plane or ζ potential) and properties of the electrolyte.
The edl extends a distance of κ −1 (Debye length) from the surface of the particle,
where e is the elementary charge, ε 0 the vacuum permitivity, ε r the dielectric constant of the liquid medium, k the Boltzmann constant, T the absolute temperature, z i the valence, and n ∞ i the bulk number density of the ith ionic species (i = 1, . . . , N). The perturbation in the flow field around an uncharged particle has the characteristic dimension of the particle radius a. When the ratio κa of particle size to edl thickness is large, the region of extrahydrodynamic perturbation due to surface charge on the particle is confined to a thin layer near the surface of the particle. In this limit the electroviscous coefficient p will tend to zero as the electrostatic body force can cause little extramodification of the flow field. In the other limit of small κa, where the edl thickness is large compared with particle size, substantial alteration of the flow field is caused by the electrostatic body force and p can become very large. Theoretical treatments of the primary electroviscous effect have been proposed by several authors. First theories (2, 4, 5) were limited for κa > 10. Later Booth (6) derived an expression for the primary electroviscous coefficient, following his own treatment of electrophoresis (7), valid for all κa values. However, his theory is restricted to small values of the ζ potential and small Peclet numbers. The Peclet number measures the extent to which the movement of the fluid, relative to the particle, disturbs the ionic atmosphere. For small Peclet numbers the edl is only slightly distorted from its equilibrium shape. Russell (8) extended Booth's analysis to larger values of Peclet numbers (Pe κa with κa 1), but his theory was still restricted to small ζ values. The most recent theory on the primary electroviscous effect has been elaborated by Watterson and White (9) and is valid for all κa and ζ values by solving numerically the equations that governs the phenomenon.
On the other hand, many papers on the electrokinetics of polystyrene model colloids (10) (11) (12) (13) (14) (15) (16) (17) have evidenced that the standard electrokinetic model cannot explain the observed experimental behavior. Zukoski and Saville (18) presented extensive experimental results on the electrophoretic mobility and lowfrequency electrical conductivity and found that the ζ -potentials inferred from the suspension conductivity were larger than those derived from electrophoresis. They developed (19) a dynamic Stern layer (DSL) model in an attempt to reconcile the observed differences and concluded that Stern-layer transport could account for the discrepancies (20) . Recently (21), another explanation based upon the influence of a DSL mechanism into the edl has been proposed and given good results (17) . Althought the notion of DSL has been a part of colloid science for many years (22) , only recently has the real importance of this phenomenon been pointed out (23) (24) (25) . The existence of DSL involves the presence of local excess charge that may move tangentially whitin the Stern layer. An appropiate model of the region behind the slipping plane is due to Stern (26) . According to the model, this region is divided in the inner Stern layer, where no charge density can exist and extends to a distance β 1 from the particle surface, and the outer Stern layer, where the ions have lost part of its hydration sheath and moved closer to the particle surface as a result of some strong surface interaction, which extends from β 1 to a distance β 1 + β 2 from the particle surface.
The convincing evidence for lateral ionic mobility in the Stern layer led Mangelsdorf and White (27) to apply to electrophoresis theory developed by O'Brien and White (28) a treatment based upon a general dynamic Stern-layer model. They concluded that the presence of mobile Stern-layer ions causes the electrophoretic mobility to decrease in comparison with the case when surface conduction is absent.
In a recent work (29), we have incorporated a DSL in the theory of the primary electroviscous effect developed by Watterson and White (9) , following the treatment of Mangelsdorf and White (27) for electrophoresis. The DSL appears in the model as a modified boundary condition that contains the Stern-layer parameter δ i which encapsulates the effect of allowing type i ions to move behind the slipping plane
where a is particle radius and λ i /λ t i (β 1 ) is the ratio of ionic drag coefficients in the bulk and in the Stern layer for i type ions. The value of δ i depends of the Stern-layer adsorption isotherm that we use through the parameter σ 0 S i , i.e., the Stern-layer charge density due to ith ionic species. We have studied one possibility, which considers adsorption of ions onto available surface area. The description of this adsorption isotherm can be found in Ref. (27) 
, [5] where 0 (β 1 ) is the potential in the plane defined by the distance β 1 , N i the total number of Stern-layer sites per unit area and K i the dissociation constant in the Stern layer for type i ions.
In this paper, we present new numerical results on the primary electroviscous coefficient in the range of low κa, i.e., when thick edl condition is accomplished. As was pointed out, in this case the effect is considerably high. A detailed study on the influence of the different Stern-layer parameters has been made.
RESULTS AND DISCUSSION
The equations that govern the phenomena are the NavierStokes equations for an incompresible fluid, the PoissonBoltzmann equation for the potential distribution, the continuity equation and force balance for each ionic species. Under the asumptions that there are no ion fluxes through the slipping plane and that the shear field disturbs only slightly the ionic atmosphere around the particles, Watterson and White (9) linearized the equations and applied the symmetry of the problem to find a set of coupled ordinary linear differential equations which we show in adimensional form,
with boundary conditions
where x is the adimensional distance from the particle surface κa,˜ 0 (=e 0 /kT ) is the adimensional potential distribution at equilibrium,ζ (=eζ /kT ) is the adimensional zeta potential, F(x) is a function related with the velocity field of the fluid, andφ i is related with the perturbed potentials [9] of i ions. The quantitiesc i andλ i are defined bỹ
In a previous work (29), we have shown that the correct boundary condition for the functionsφ i (x) when a DSL is taken into account becomẽ [13] where δ i is the surface conductance parameter, the explicit form of which was given above. The primary electroviscous coefficient is calculated from the expresion (9) p = 6 5(κa) 3C N +1 − 1, [14] whereC N +1 is an asymptotic coefficient of the functionF(x)
The problem we must solve is to obtain numerically the solutions (F(x) andφ i (x)) of Eqs. [6] - [8] with the boundary conditions [9, 11, 13] and to calculate the electroviscous coefficient using Eqs. [14] and [15] . For this purpose, we have used the O'Brien and White method (28) .
The data used to generate the plots are the same as in (27) and (29) (see Table 1 ), except for the molar concentrations of ions, which is 10 −5 M, given a κa value of 1.04. We observe on the figures of the primay electroviscous coefficient that the magnitude of the effect is considerably greater in the low κa region, as would be expected. However, the relative influence of the DSL is lower, because the contribution of the diffuse part of the edl is very high. The p maximum presents at very high ζ value, and the primary electroviscous coefficient can be considered as a monotically increasing function on ζ potential under experimental conditions. Figure 1 shows the dependence of the primary electroviscous coefficient on the reduced ζ potential at a fixed κa value. As can be seen, when we introduce a DSL into the problem, there exists a separate dependence on the particle radius and on the bulk concentrations of ions (through the Debye length κ −1 ), instead of the product κa only, which is the case for an inmobile surface layer. This result is straightforward from the dependence of δ i parameter (Eqs. [4] and [5] ) on the particle radius a and on n ∞ i . A study on the influence of the different Stern-layer parameters has been made. Considering Eq. [13] , we observe that when δ i tends to zero, the mobile surface-layer problem reduces to the immobile surface-layer one. This occurs under the following conditions: (i) when few Stern-layer sites are available for adsorption (i.e., eN i → 0). Figure 2 shows the effect on p, as a function of ζ , of the counterion Stern-site density. The effect of increasing counterion site density is to increase the number of Stern-layer ions and consequently to increase the number of mobile conducting ions. Thus, we observe that p decreases as N + increases and that the maximum in p moves to higher values, broadens, and eventually dissappears. (ii) when the Sternlayer drag coefficients are large compared to their bulk solution value (i.e., λ i /λ t i (β 1 ) → 0). Effectively, Fig. 3 illustrates the effect on the primary electroviscous coefficient, as the ratio of counterion drag coefficient in the diffuse layer to that in the Stern layer is varied. As the ratio decreases, the Stern-layer counterion drag coefficient becomes large and the corresponding Stern-layer ionic mobility reduced, causing the Stern-layer ions contribution to decrease. Thus, primary electroviscous coefficient increases. (iii) when there is weak Stern-layer ion binding (i.e., K i is large). Figure 4 illustrates the variation of the primary electroviscous coefficient with ζ -potential, for a range of counterion dissociation constants. On decreasing the counterion dissociation constant, the p maximum shifts to lower ζ potentials. Increasing the binding strength of the counterion to the surface site will increase the number of ions in the Stern layer, becoming saturated at low ζ potentials. (iv) when large ζ values lead to a saturated Stern layer and diffuse-layer excess. In this case the curves for mobile Stern-layer problem should converge to those of the immobile Stern-layer problem. This behavior presents at very large ζ values as −18, as can be seen in the figures.
Finally, when the Stern-layer coion parameters are varied the influence on the curves corresponding to the mobile surfacelayer model are negligible, as can be seen in 
